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tJ, RECENT DEVELOPMENTS I N  PARAMETRIC MULTJPIIl14;RS 

Robert P. Rafuse 1 4 b 3  

Continuing work on parametr ic  multiplier theory at M.I.T. has 
resulted in sevcra l  interesting developments. The idler  theory has  been 
augmented to i :I>liide the 1 - 2 - 3 - 4  quadruplcr and the 1 -2-4-6-8octupler. 
'Pie resu l t s  t i  .L f a r  indicate that ' 'extra' ' id le rs  can significantly improvc 
' x t h  efficiemy and power 11 indling O L  cr the niir:inial idler  case. The ovei 
driven doublers, both abrupt and graded have been analyzed with s imple 
models for the forward character is t ics .  A s  expected, power handling 
increases  greatly,  accompanied by a significant increase in efficiency. 
The most efficient doubler uses  an overdriven graded junction. Experi- 
mental resu l t s  are described together with observat ionson the causes  
and cu res  of spurious oscillations. 
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This paper is a compendium of some of 

the theoretical and experimental work carr ied 
out a t  M.I.T. and Lincoln Laboratory since the 
summer  of 1962 on varactor multipliers.  
Diamond (Ref. 1 and 2)  has car r ied  out analyses 
on the effects of "extra" (larger number than 
necessary) id le rs  on quadruplers and octup- 
lers with somewhat surpr is ing resul ts .  An 
analysis has also been made on overdriven 

A s  is now well-known, non-overdriven 
a brupt-junction multipliers of o rde r  grea te r  
than X2 require cur ren ts  flowing at some of the 
lower harmonics in  o rde r  that non-zero output 
b e achieved. The necessary  idler" frequenc- 
ies Can c q ~ i l y  be identified by real iiig that  the 
junction vclL !je is proportional tc, I square of 
the junction (.i!arge. A s  shown in Pel ield and 
Rafuse (Ref. '), the necessary  idlei. C U I  ' ',d- 

I' 

doublers u s j  
junction diodes \J:cf. 3 )  with very simplc J I I C I  , L ) I L  
assumed for  the forward charactc ,  j 
result6 of the iven doublers lead to (a) 'i'ripler; 1-2-3 

0th abrupt- and graded- r a t ions  for  SOTYI 

t ) -, c 0111 e 
of thc low -oi.dcr 11-1ultil ' : c r s  

I 
I 

1 O' \  n ' : . ? e -  * 1- ,2- r i  I 2 

The use  of more id le rs  than necessary . 
yields higher efficiency and power handling than 
does the use of just the necessary number . 
When overdriven, the graded junction shows 

v, 

N c t e  that these idler  schemes coil:- r ~ e  mini- 
m u m  necessary number of idlrrs. ' I  i 2 c  
septupler marked with thc 2: ,-is\: is unusual 

the effect of ",unnr?cessary" o r  I1  extra" idlers.  

. 
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’;*or csaiiiple, although the 1 - 2  - 4  quadrupler con- 
figuration will operate  efficiently, what would be 
the effect of adding an  extra idler to form a 1-2- 
3 -4 quadrupler? Similarly, what would be  the 
effects produced in  a 1-2-3-4-5 quintupler o r  a 
1 -2-.4-6-3-octupler? 

The problem is very  complex and can, in 
general ,  only be solv(:11 ‘ J *  cl.ztail computation, 
with the aid of a (1; ;;1 11 coniputer, on each rnulti- 
plier. Txo  soliitioiis for extra-idler multipliers 
hzT;c been obtained by Di,ti land (Ref. 1 and 2), 
namely, the 1-2-3 -4 and 1 - 2  -4 - 6  -8. The resu l t s  
are of extreme interest! 

~‘‘ vB = b’rekkdown voltage 1 
@ = contact potential 
Vo = average bias voltage 

The o thers  are self-explanatory. The formu- 
lation fo r  low-frequency efficiency is due to 
Uhlir (Ref. 5)., 

W e  note in Table d that the 1-2-3-4 con- 
€ipi  t-i).tioii has not only higher efficiency, but 
1 1 i g 1 I e i’ 1; o 1.v e r 11 a 11 d 1 i ng (with out over d r i vi n g ) a s 
well. Perhaps  the lo s s l e s s  idler approximation 
masks some disabilities of the 1-2-3-4 
quadrupler. If we assume an  idler  loss 

- - -  
I 

- 

1 - 2 - 4  ___- I - %  . - 3 - 4  

EFFICIENCY 

& =  15.6 OC = 11.4 

POWER INPUT . 
- .  - .  _ .  

rB’= 0.0226 . .  = 0.0196 
.- - _ _  

I N P U T  R E S I S T A N C E  - - -  - . __  

A = 0.150 - - .  - - A =  0.096 
- - _- - - - - -  

LOAD RESISTANCE 

B = 0.0513 
. _  

B = 0.0625 

BIAS VOLTAGE 

9 = 0.334 c= 0.330 
,/’ ’ 

. .  
3 - .  

. .  

- .  

. -  

, 

. /  Firs t ,  we compare the two o,u”(’ . i l , ) I  c r 
confi~-:111*alions in the notation of Pellfic.1,; ;l~id 
Rafusc ( I<c r ,  4). The symbols used i n  the tables 
to  follow arc:. 

0, = %ax /Rs 
cutoff frequ eak@wn) 
0, = drive € 

Rs = varac tor  series loss res i s tance  

the varactor  

O,,t = output frequency 
- 

cmin = Smax-l = minihum junction ... 

r C  c : < . ! : I  I cc cq,v-1 jn  , , ‘ !c t l ie  varactor 
( t 1 t e z‘11-j 1 i dl e r  

circuit  Q 2 diod, { ; \  I 

two circui ts  @(l .’ 
c .  p(1-2-4) = 0.i:O and  6, 3 .  3-4) = 0.023. 

is obvjo-~s  that the p re  . L S I I C C ’  o f  id le r  loss 
only sei \ * c  s to accentuate tht. b:Atter efficiency 
of thc 1 2 - 3 - 4  c i1~11i t  over the 1-2-4. The 
pow( , e v e l s  are 1 ’ .  ’ jliv ’y unchanged. 

W 
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1 - 2 - 4 - 8  1 - 2 - 4 - 6 - 8  

. . . . . .  

. .  __. ....... - .. . . . . . .  - ... 

f . . . . . . . . . . . . . . . .  - ,, 
1 

...... . . .  

. -  

... 

.... 

. . . . .  

cc= 21.0 
I 

d =  14.9 . . 

p = 0.0248 ,(I = 0.0198 

A = 0.103 

LOAD RESISTANCE _. ~ 
. .  . _. 

_ - I -  ....... 
B = 0.Oi88-- 

- ...... 

BIAS VOLTAGE . . . -. . ._. - -  ........ ... 

. ........ 

+= 0.347 . . 

... - . . . .  

- .  

9 = 0.351 

A similar  comparison is made between 
the 1-2-4-8 and 1-2-4-6-8 octui,lers in Table 11. 

hiel 3 -  1 

handling the 1-2-4-8 , octupler. 

diode &Is gives G(1-2-4-8) = 31.3 and 
o((1-2-4-6-8)  = 23.1, p(1-2-4-8) = 0.020 an.' xy .'' 11.6 0.0241 

p(1-2 -4 -6 -8 )  = 0.025. It is apparent that the 

with idler loss included. 

I comparison with equal external idler a-i:rE C ! .  . 

extra id le r  gives improved performance CVC.;~  YI(1 ,  2 ,  3 4 )  I 1  ' 0 . 0 2 3 C  

I ' : I ,  2 ,  4, 5)* 18.6 0. 0 ! :: 

gcnci.al conclusions from the admittedly spa r se  XG(1, 2, 4, 6)* l G . G  ( 1 .  (122 

I data obtained so f a r .  Table 111 presents  the a , 

we extrapolate the resul ts  for  the quadrupler 
to the q u i i ~ t t i i ~ ~ * ~ ~  and sextupler it appears  that 

~ 

One is teixptcd l o  make S O ~ I ~ L  fairly 

and p for a group of varactor  multipliers. If XS(1, 2 ,  4, 6,  8) 14.9 (1.0248 
I 

I 

the addition c) i  the 3C2,idler to give a 1-2-3- 
4-5 quintupler and the 3Lband 50,idlers to 
give a 1 - 2 - 3 - 4 - 5 - 6  sextupler would resul t  in  
a ' s  and @ Is commensurate with the X2, X3 
and X 4  ( 1-2-3-4 )circui ts .  It is a l so  very 
tempting to estimate that the addition of extra 

'TAB1,E JII. 
MULTIPLIERS.* Data talicii from Penfield 
and Rafuse (Ref. 4). 

ol AND p T.'i)-it \'AJ;IC)us 

' I  
I - -, J L 



. . .  . . . . . . . .  . . . .  . . . .  . . . . .  

. .  
- .  

. .  
. ~ - .. _-  . , 

idlers to the octupler to yield a 1-2-3-4-5-6- 
7 -8 octupler ivould tiring the octupler results 
into line with the r e s t  of the multipliers. 
IIowcver, the computational complexity required 
to check such rcsul ts  is extremely Iiigh. It is 
hoped that future work may lead to a iitiificd 
thcory \vliich \vi11 p r  eclict ess cntial ly el luivalent 
efficiencies ( ;.;I tern1.s a €  thc --.-I_ output fcequency to 
cutoff fri 'ci i i  11cy ratio ) : i i~d  equivalcrit 1Jo:';er 
haiidling c ;>p ,~ \ )* l  Iticr; ( in terms of the jil,~tL)_llt 
frequency ) for the same diode, regardless  of 
the orc1c.r of r , ~ . i i ~ t ~ ; ~ l i ~ : ~ t j f ~ , ~ .  
interc:i,i i i ig t o  iwtc that the 1 -2 -4 -6  -8 ociiipler 
is :ilr6. \ ly  _-_- I ~ L O I ' C  .- efficient than the 1-2-4  
quadr.upl\?r ( f o r  the same output frequency 1. 

r : i  this r / ( > i L i  it is 

I ,  
III. OVERUR,W:;:N r;oummxs 

An a11alysi.i : ! . I : ;  hccn ca r r i ed  out at 
- i  ~. 

M.I.'r. on the over(  {riven ;?.l>rupt- and graded- 
junction cloublcrs (IEef. 6). 't'lie mod21 chosen 
for the foi-~,iartl. region was exceedingly s imp e; 

m : x I  that the diode clastancc ( C ) 
(3 <i.t c l~argcs  grea te r  than the charge 

-1 

~ r j u i ~ ; 7  1 p i i t  LO ilic cokitact potcntial, and it was 
further assurncd that the s e r i e s  res is tance 
t - t t [ ;  1 i  

i , f  f'rtt;:;c ~ ~ ~ j ~ ; 1 - l ~ - ~ ~ > ~  :(>LIS,  ,iltliough radical, a re  fair 
x i ) i ,  i.o:\j r t ~ ~ ~ t i n n s .  
will, of coul*:je, be reduced by conductivity 
mo(1iilation effects in the forward direction, but 
a good pact of the losses in high-quality 
varactors occurs  in the contacts and leads and 

11 C Q  : :3t .2-nt ill the forward direction. Both; 

'L'lie s e r i e s  --loss res is tance 

- .  
. .--- .... ......... . . . .  

MODE 
. _  - 

PARAMETER ABRUPT-JUNC'I'ION GRADED- JUNCTION 

e =  7.5 a =  7.0 
I -  0 9 5  oC=12.8 

OVERDRIVEN 
NOMINAL 

P O W E R  I N P U T  
2 

pin = p ($+@I C,inGI, 
OVERDRIVEN 

NOMINAL 
p =  0.0680 
f l  = 0.0277 

P =  0.0680 
a=  0.0118 

LOAD RESISTANCE OVERQRIV&N B = ,0.164 
NOMINAL 0: 0 . 1 3 6  

BIAS VOLTAGE 

OVJ3IID1iIVEN s: 0.33 
NOMINAL 3)- 0 .50  

E F E' EC T 1 V E 
I N P U T  ELASTANC 1.2 

- -  

ov EH. DRIV l3 iq  I:= 0 . 3 6  
NOMINAL = 0.50 

EFFECTIVE 
O U T P U T  I3LA STANC E 

T A B L E  IV.  COMPARISON O F  OVERDRIVEN AND NON-OVEIZDIZIVEN A r x < u r ' r -  
AND GIZADED-JUNCTION DOUI3LERS. Results valid for  a,,t < 0.1 0,. 
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tlicrcfore the total loss will remain essentially I ! 

oori:;tant. The elastance docs not actually go to 
zero  biit instead s imply dccrcases  exponentially 
( along with an incrczsing conductance, yielding 
a very low junction Q) ; however, 3 ;  the 
frcqiicucics of i ~ ~ t e r c : j t  the jutic t i o r i  i II-;, 
l ~ e l  is so low that the diode c n i l  -. I 1:;ondsly . ! 

1-cpi-escntcd by just the scr ics  I G , * S ,  ld ;. I 

; m c e  

breakdown voltage and :jamC mininium CapZit,. .  
tance , t h e  graded-junction and abrupt-junction 
diodes a r e  essentially interchangeable in any 
doubler circuit .  
iiil i111)xt a n d  olitput res is tances  and reactances 
arc c':,ci : i t ~ . ~ l l > ~  t h c b  saine,  and the efficiencies 
a1.e p i  act jcal ly  ( qur~-J.  

The bias  voltages a re  identical, 

It is interesting to iiote that the p,j*aded 
junction diode rJiL1zt be ovcrdi-jven by a factor 
of 5.8 ( i n  powcr ) , whereas the abrupt-junction 
diode optimizes 1, I1c .n  overdriven by  on!^' :I 

factor of 2.45.  Further inore , the gra(:cci 
junction shows the most improvement j i  I 

efficiency and actually exceeds t h c  cffic. jr . iI  y o f  
an abrupt junction wlicn optlinnlly o ~ ~ r c i i ~ j v c i i .  

I 
I 

I I 

. 

. .  
- 8  

1 _ _  autput..rcsista.nccs arid the rest  of the necessary _ _ _  - 

' para.inetei-s with ease. 
1 

I In Appendix A a detailed derivation of 
I 

the overdriven stcpwisc -diode doubler is 
prescntcd. It S I  iilcl be iiotcd that such a 
device will not multiply un1c.s: it is overdrjven, 
ot1ierv:ise i t  a p p c x r ~  :is a coiistaiit elastance. 
111c resu l t s  a re  interesting . 1'i.csciited in 
Table V a r e  the efficiency, input power at12 
in1~11t n i i t l  load resistance:; fol. such an 
ovcrdr ivc i~  d c ~ ~ ~ b l c r ,  tol:C'thcr wit11 the same 
parametel :. 1 c  ilic overdrivcn abrupt- and 
EJ * 3 rl c d .- j 11 11c t i r , c! ouI> 1 e i' E: c 1 p c 1- at i ng und e r t ti e 
~ ~ 1 1 1 ~  concliiimt:, ( rij" i . ouipl l l ,  ft171y 
d I - i \ T \  8 ,  2\7,~i-,;ge c ~ J ;  I ;, 

-- 

CClii'. 1 i c1-0 ). 

I If we assume such a universal behavior, 
we can calculate the performnnce for a 
variety of other diode types. In particular , 
w e  can postulate the ideal" diode characteri-stic 
shovrIi j r l  Fig. 1 and ovc:.di-iv~~ LO tllnt the 
el::. , < avcforni i s  ;I lare-wave of 
p e a k -  t o  i : > l ,  v:lluc Snlc+x. Such a curve is 
actu:illy 2 ' ;  i ) '  iJ>.;1mted by some of the very thin 
diffused, epitL7xial diodes, where the majority 
of the elastance change takes place over the 
f i r s t  fevJ volts i n  the back direction and 
practically no change i n  elastance occurs  for  

1 1  

! 

higher voltages, until breakdown is reached, 
4 .. I 
; 465 

117. SClI\/IE OUSEl~VATIONS ON 
= 0.45 AND SO FORTI3 . . a 

Many people s t i l l  ins is t  on character-  

not qliite graclctl" with, t h c r c h r e ,  exponents 

11 iziiig a. vni-actoi. F S  

that lie between 112 and 113. The author h a s '  
' never seen oiic of these 'hot quite" varactors. 

not qiiitc abrupt" or  
1 1  

E V C I . ~  diode has associatcd with it 
ccr ta in  parasi t ic  elements. A t  low frequencies, 
w h e r e nio s t va I- a c tor cap ac it a iic e me ;i s ti r e - 
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PARAMETER STEPWISE 
_-  

EFF IC I ENC Y 

I INPUT POWER I 

. . . . .  . .  _ .  

GRADED 

. __ . . .  - __ .. - ....... 
I 

ABRUPT 

a= 4.7 

f i  = 0.063 
- - -.-- 

I N P U T  RESISTANCE A = 0.212 

. . .  .. i . I ,  .... - ........ ... ..- 

! a =  0.091 - _.__ _ .  f l  = 0.115 !--  i 
I I  

. . . . . . .  - ............ ..---..._.__--I I 1  i 
A =  0.121 A = 0.095 

. . . .  ._ . . . .  _ _  . 
I 

- B = 0 095 _ _ _  LOAD RESISTANCE B =  0.212 B = 0.121 
$ I 

~. - _ _  _ _  
1 :  

- . _  -- - - - - - - -_ .__ - - i !  
- _ _  . - . - 

TiZRLE V, CORZPilIiTSON O F  EFFICIENCY INPUT POWER AND INPUT AND - ; 
I,OAD RESISTANCES Fa2 OVERDRIVEN STEPWISE .- GRADED - AND ABRUPT- i 
JUNCTION DOUBLERS. In each case the diode is driven to the breakdown volt- 1 i 
age, output power is optimized and the average charge is zero. The symbols--------/-----! 

f 

_ -  1 --A * .  
.-> 4, 

- : . : I  

i 
.. .- ....-..- -.-I--I-_ --L i 

-n-*mr II - - - -  --! , p A and B correspond to those i n  Table N. 
__ ---I_I-_ ~ " ,  I I^ -.. __ . - _- . __ - 1 

.................... . n . <  . . . . . . . . . . .  L _-. I - __ .-_ . _ - _ _  . - . - - -_ - . -  -.- - - . - -  . I  . -, 
merits a r e  made, the major parasit ic is case  
capacitance. The total capacitance can there-  
fore be written a s  

where 7'= 1/2 for abrupt junctions and 1/3 for 
graded. Extremely careful measurements 
were made .on several  abrupt- and graded- 
junction varactors  with a three -terminal 

f r o m  Va t o V B  . In many units with VB in  
the order  of 50 volts, the break 'voltage Va 
w a s  only 6-8 volts. The practice of giving the 
cutoff frequency of such u n i t s  at 2,  4 or  6 volts 
in the reverse. direction ( depending on the 
particular manufacturer 's  c rys ta l  ball ) can 
give large e r r o r s  in extrapolated Cmin and fc 
at breakdown. The e r r o r s  a r e  unfortunately in 
the 'optimistic direction and the units wi l l  not 
perform as expected. If Cmin and fc  a t  
VB were given, the uni ts  would be far  more  
conservatively characterized and multiplier 

L -  

- easily predkted.  ----. . " 

capacitance bridge ( Boonton 75A-S8 ) and a 

!P:*@ 
In ' no case was a diode found to have 

. an exponent other than 0.500 or  0.333. If care- 
ful measurements a r e  made and VB determined 
accurately, three points suffice to determine the 
three unknowns, $ , CCas, and Cmin. F o r  
example, careful measurements on a PSI 
PC-115-10 diode yielded VB = 114.0 volts, 

0.937 pf. A plot of ( C - Ccase)-2i versus  v 
yielded an absolutely straight line with 17 data 
points lying on the line. The exponent was  
precisely 0.500. 

$ = 0.540 volts, Cmin = 1.81 pf and Cease - - 

Other measurements  made on epitaxial 
units yielded straight l ines for ( C - Cease 1- 3 

t breakdown. The characterist ic S3 versus v _ _  - 
versus v , but the values of C&n ,Vk and 

. would change abruptly a t  some voltage l e s s  than 

was composed of two straight segments, one 
from g5 to Va ( C V g )  and one of l e s se r  slope 

, I  

1 
1 

t 
r -  

, .  . ,  . .  
. - . - -.. 

In short, if the diode is characterizable 
by an exponent over i t s  ent i re  voltage range 
( which rules out the so-called "hyper-abrupt" 
units ) the exponent is either 112  o r  113, not 
0.45, 0.36 o r  some other approximation, 

-- - 

; i ,  
I .  

> . _- arr ived at  by neglecting the case capacitance o r  
not recognizing the break in  the epitaxial' units. 

% . >  . '  I -_  - 
. . . . .  t -  -- I 1 ,, 

L '  V. CIRCUIT TECHNIQUES - 

I n t h i s  section are described some 
circuit  techniques found useful a t  M.I.T. 
Unfortunately, at this t ime good experimental 
data on overdriven doublers is not available. 
However, a very detailed design of a 
symmetric,  two-diode t r ip le r  was car r ied  out 
with quite satisfying resul ts .  

The t r ipler  was built with two nearly 
matched PSI PC-117-47 varactors  ( with  
measured character is t ics  of Cmin = 6.6 and 
6.9 pf, VB t $ = 138 v. ( lowest one of the 
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4.41 
500 mw. 

2.65 

0.405 43.2 mc/s 

0 

5 0  

t 
560mw. 

14.4 mc/j 
> 

50n in R FC - c 
A 

\ v 
1NPUT MATCHING 

J 

NETWORK 

FIG. 2. TRIPLE12 CIRCUIT. Values  of the components are in pf, y h  and ohms. -'-,- 
., . . k -  

. I .  4 

pair) ,  4 = 0 . 6 4 ~ . ,  C,,,, = 2.3 and 1.4 pf). Both close, in fact, c loser  than the accuracy of the , -- 
!he case  capacitances a n d  the s t r ays  were used measuring instruments. However, it shows I 

in determining the input matching network 
necessary to give a match to 5 0 n  source a t  the 

ated in  the loop formed by the two varac tors  and 
the two 1.99 ~h coils. T w o  parallel-resonant can be made. F i r s t ,  the multiplier wouih not 

that one can designwith c a r e  and achieve very 
close agreement with theory. 

design power level. The idler a t  2 0 ,  is reson- . 
Several other interesting observations - 

I 

operate sclf-biased (not very much effort w a s  
spcut trying) and would simply bl: .xk up into 
spill-ious oscillations - _  before any appreciable 
output power could be reached. Second, biased 
at  the p r o p e r  voltages f rom potentiometers, the 

- -  t raps  separate the cur ren ts  nt o,and 30, into 
th 3 input and output c i rcui ts ,  1-e:;pectively. 

The losses  in the individual c i rcui ts  
were measur#  I and included in the efficiency 

k Y 

spurious oscillations. Third, the majority 
irious oscillgtions were identified a t  PARAMETER THEOR. 

equency (500--1000 k c l s )  in 
the bias circuitry;  the addition of the Zener  
diodes to the bias circui t  provided a suffici- CIRCUIT EFFICIENCY 
ently low CnoLiigh incremental  iilipc-danc e to 
swamp thc spurious generation ~neclianisin. LOAD RESISTANCE 5 0 n  
Under these conditiolis the 1 dh bandwidth of the 
t r ip le r  became 7% and i t  could be overdriven up 
to a factor of 1.5 (1imitc.d by the driving source)  

INPUT RESISTANCE 

it was very  difficw'l to  establish any so r t  of 
POWE'R I N P U T  

BIAS VOLTAGE 43: 7- v. 43.8 v. spurious oscillation; only a radical (20 -30%)  
change in  input frequency would excite a divide- 
by-two 01-  divide-by-three mode. Fourth, a 
1-2-4-5 quintupler w a s  built ;as a following 
stage; it was  noted that the'output at 216 m c / s  
was  spurious f r ee  only i f  the input of the 

90% 8 9.6'7'0 

5011 

50fl '48.5 R 
_. 

560 mw. 558 mw. . with no sign of spiiri011:; oscillations. In fact, 

. . -- 

TABLE VI. THEORETICAL AND EXPERI- 

S Y  IvIMETRIC TRIPLER. 
MENTAL PARAMETERS FOR THE I 

. ' quintupler was tuned properly and presented a 
467 
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A particular limiting C;ISC, 1111: ;tcpviisc doubll>r, 
is analyzed and f o ~ i ~ i d  4rioi-e efficient than the 
graded junction, although of somewhat less 
power -1ia:iclling capability. It appears that, as 
the degree of ''noti -1indnrness" of - .  the varactor  
character'*;tic increases,  the efficiency, when 
overdriven, increases and the'power handling 
dec r eas e s . 

Very careful measurements  show that a 
diode can be characterized by an  exponent over 
its full voltage range, only if  the exponent is 
1/3 o r  1/2. Values of f r ang ing  between 0.500 
and 0 .333  :we invariably the resu l t  of poor 
measurenicnt pr.ocedure o r  improper  sub- 
traction of parasit.ic case capacitance. Some 
epitaxial miits may show breaks in the elastance- 
voltage ch:-iracteris tic, but their exponents do 
not usually vary.  If the diode exponent t ruly 
varies with back voltage, it cannot properly 
ber said to have an exponent (even-on the  
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The author r emembers  when he considered extra 
idlers  equal to extra loss. Unfortunately, - 

~ ~ ~ ~ u i t i o n  seems to LvorIi only in' a posteriori  
:, C I I  s e for pa i-am c t r ic 1 1  I ,  I 1 ' j I ) I  i c r s . 

units should be characterized by cutoff 
frequency and capacitance at breakdown, not 
some interin edi:.:l,c. voltage. 
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Experimcul:~l1,~ i '  * been observc.0 ! 

However, disregarding the clang< of careful dcsigi.1 w i l l  y i c ld  4 I " P J '  pCrfOl'llt:i .~i, C 

intuitive reasoning, i t  appears f rom thr: r csul ts  essentially ;IS theory predic . Spurioiis oscjl- 
of the 1-2-3-4 and 1-2-4-6-8 multipliers that lations can be minimized i f  the  bins --circuit 

impedance can be kept real and smal l  at frcqu- 
and  powc'r handling of a varactor  multiplier, by encizs from low audio to an apprecial.)Jr' 
non. tril ia l  factors. It fur ther  appears  ( and f i a c l i o ~ ~  o f  tile drive frequency. A his;, <iL, l i i y  

extra idlers can iiAprove both the efficiency 
-4 

I 

this is even further out on the limb) that 
appropriate idlc.1- schcincs will  yield i-rinltiplj e 1-s 

% C J I C ~ *  diotlc ~ n n k c s  3 1 1  a lmos t  ideal Lj;t.,z ~ - - ~ c ,  

Oscillations arising d u ~  j,': cascading of 3 1 ; '  

1 1) 
/ /  I d  

and the same  input frequency). 

Two important resul ts  app<ar ' i n  the 
zn,kljsis of the ovci-driven doublers. 'I'hc ovei - 
driven graded -junction doubler is somewhat 
more  efficient than the overdriven abrupt- 
jnnction doubler (precisely tlle opilosi t e  resul t  
one finds when n o i n i n ~ l l y  dr jvi i lg) .  F o r  identical 
breakdown voltages and id entical minimum 
capacitances, a t  the optimal overdrive level 
the abrupt - junction and graded- junction diodes 
a r e  indistinguishable in  a doubler. 

. . .  
A companion resul t  f rom thc o ~ c 1 - d ~  

analysis is the charge ratio of 2.0,  ~ . - ; l ~ ~ ~ n  the out- 
put power is optimized. At lov frcquencies 
the rat io  holds regardless of the degree of non- 
linearity. This allows us  to compute the 
character is t ics  of an infinite variety of 
doublers  and compare their performan( cs.  
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c l I to the opt ini i l~t i  l.,.:d resistancc 
f o r  llic first liiultiplicr ( this  i - ,  1 - f  course, 
achievabk with an  isolator; 1 )u i  such devices, 
b - i : : i d ( a : :  l>c>ing bulky and he;:\), j:l,-,t do not 
exist I ::IOP 100  200 rnc/s.  

App ciidix A 

l-j31<1 \,7A'rJT>N ob; '  S'L'EPWISI;:..JUNCTI~N 
1x3 u131 I K H  

4 

If S(q) is S,,, for 0 < q  < QB a n d  zc"o 
for q < 8 +lnd we assume that the fundanic 
charge i:, twice the second-l!r?i-inonic ch:~:. 
then, with the junction C ~ I - ~ V C J I  such that th:) : 
charge wave just  reac L ~ P S  the t.reakdown cl-i'lrge 
QB and averages to zero, we have 

. .  
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(It low frequencies the dissipated power becomes 

and the efficiency is 

7 

TI/:> call write Equation (12) in the ~ ; u i i u  fo rm used 
f o r  the other multipliers 

_. 
3 T k r  :fore, Cll = 4.7 and p =  0.0628. The input 

,.* I atid load resis tances  are  equal and become r- :--- 

/ 3  
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. computer  solutions for 
the overdriven graded- and abrupt -junction 
cloiiblei-s; Danicl L. Sniyihc, Sr., wiio car r ied  
out tlic c.:.:pcrjnlrntal work on the t r ip le r  at 
M.1.7'. ;in, '  hqiss Ca!  c 1 C'! 
preprir c ,  iile paper., 'rh?:; :: 
ili part  by the U.S. Army Signal Corps,  the Air  
Force  Office of Scimtific Research, and the 

2 Office of NavaZ Research, a i  in part  by  the 
National Ar.r oiiauti 
(Grant NzG-519). , ' 
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1 (8) Q, = v~/3 m a x  
"d" J 

1\ 17~1s supported ! 
I 

nd st. ' r! Admilliptlation 
En 0.0628% CminCJo (9 . 1 
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